1. Evidence has been produced for the formation of 5-phosphomevalonate from potassium DL-mevalonate by the latex of Hevea brailiensis and by reconstituted freeze-dried serum obtained from this latex. 2. The enzyme, mevalonate kinase, catalysing the formation of 5-phosphomevalonate from potassium DL-mevalonate and ATP has been partially purified. 3. 5-Phosphomevalonate formed by the purified mevalonate kinase from potassium [2-14C]mevalonate has been shown to be incorporated by latex into rubber to about 2-4 times the extent of DL-mevalonate. 4. The enzyme can utilize inosine triphosphate as effectively as adenosine triphosphate as a phosphate donor and is also slightly active with uridine triphosphate. 5. The enzyme was fairly stable to a range of pH values and temperatures, the activity being optimum at pH7-5 and 60-70°. The energy of activation was 10-7kcal./mole. The Km values were 0-13nmn for potassium DL-mevalonate and 20mM for ATP at 300. 6. The enzyme required the presence of Mn2+ (1 mM) for maximum activity; this could be replaced by Mg2+ (4mm), which was less effective, and by Ca2+, which was far less effective. 6. Although the enzyme did not require cysteine or reduced glutathione for activation in aerobic conditions, it was inhibited by reagents known to react with thiol groups.
Mevalonic acid, originally shown to be precursor of the isoprene unit from which sterols are formed (Tavormina, Gibbs & Huff, 1956) , has also been shown to be incorporated into rubber by the latex of Hevea brasiliensis (Park & Bonner, 1958; Kekwick et al. 1959) . It is now well established that the 'active isoprene unit' which is the biological precursor of isoprenoid molecules is isopentenyl pyrophosphate (3-methylbut-3-enyl pyrophosphate) (Chaykin, Law, Phillips, Tchen & Bloch, 1958; Lynen, Eggerer, Henning & Kessel, 1958) . Latex has been found to convert this substance into rubber with considerable efficiency (Henning, Moslein, Arreguin & Lynen, 1961; Archer, Audley, Cockbain & McSweeney, 1963) .
The first stage in the conversion of mevalonate into isopentyl pyrophosphate is the formation of 5-phosphomevalonate catalysed by mevalonate kinase (ATP-mevalonate 5-phosphotransferase, EC 2.7.1.36). This enzyme has been purified to some extent from yeast (Tchen, 1958) , pig liver (Levy & Popjak, 1960) , rabbit liver (Markley & Smallman, 1961) and Cucurbita pepo seedlings (Loomis & Battaille, 1963) . As none of the enzymes concerned in the biosynthesis of rubber had been purified or characterized, the formation of 5-phosphomevalonate in Hevea brasilenswi latex was investigated. An attempt was made to purify mevalonate kinase, and to compare its properties with similar enzymes reported from those other tissues, in which it is probably primarily concerned in the formation of sterols.
MATERIALS AND METHODS Latex. Fresh latex was obtained by tapping 10-year-old Hevea brasiliensis trees grown in a greenhouse in the University of Birmingham Botanical Garden. Samples of freezedried latex serum, prepared by the procedure of Archer & Sekhar (1955) Chappell (1964) .
Chromatography. The paper-chromatographic separation of the metabolites of mevalonic acid was carried out as specified on either Whatman 3MM or no. 1 paper, with the following solvent systems: solvent 1, 2-methylbutan-2-ol-acetic acid-water (4:1:2, by vol.) (ascending) (Henning, Moslein & Lynen, 1959) ; solvent 2, 2-methylpropan-2-olformic acid-water (20:5:8, by vol.) (descending) (Bloch, Chaykin, Phillips & de Waard, 1959) ; solvent 3, butan-1-olformic acid-water (73:13:10, by vol.) (ascending) (Tchen, 1958) (Henning et al. 1959) ; solvent 6, methanol-aq. NH8 (sp.gr.0.88)-water (6:1:3, by vol.) (Tchen, 1958 Assay of mevalonate-kina8e activity. The enzyme was assayed either by a radiochemical procedure or by a spectrophotometric method. The radiochemical method was used only for measurements on crude enzyme preparations having enzyme contaminants likely to vitiate results obtained by the spectrophotometric procedure, where the phosphate donor was not ATP, or where the effect of compounds that would interfere with the additional enzymes used in the spectrophotometric procedure was being studied. A standard incubation mixture was used for this radiochemical assay containing: potassium DL-[2-14C]mevalonate
(1 0,umole), ATP (3*0ymoles), MgCl2 (1.5,umoles), O-1M-tris-HCl buffer, pH7-5 (0*23ml.), and enzyme solution (0 1ml.), in a total volume of 0 5ml. The reaction was allowed to proceed for lhr., after which it was stopped by the addition of ethanol (1 ml.), any precipitated protein being removed by centrifugation. The mixture was freezedried and redissolved in water (35Bu.). Portions (10,4.) were applied to Whatman 3MM filter paper and subjected to chromatography in solvent 2. The labelled compounds were detected by radioautography. The material having RpO55, corresponding to that reported for 5-phosphomevalonic acid (Chaykin et al. 1958; Witting & Porter, 1959) , was eluted, and its radioactivity assayed by counting as an infinitely thin sample under an end-window GeigerMiller counter.
The spectrophotometric assay was essentially that originally proposed in 1958 by Lynen (1959) and subsequently used by Tchen (1958) and by Levy & Popjak (1960 The assay differs from the continuous assay procedure used by other workers, the ADP being measured after the original enzyme solution had been removed: this necessitated the measurement of the ADP concentration after several different periods of enzyme action to ensure that ADP production was linear. It was found that the enzyme continued to act at the initial rate after incubation for 1 hr.
By assaying the ADP present in a protein-free supernaVol. 96tant contamination of the assay enzymes by those present in the original ADP-producing system was avoided. This ensures that all the NADH oxidation observed arises from the action of the lactate dehydrogenase added for the assay. The NADH-oxidase activity present in the latex serum therefore has no effect on the assay. The ADP in the protein. free supernatant may, however, arise from sources other than mevalonate kinase, and it was always necessary to assay a control incubation containing no mevalonate. When the results ofthe two assay procedures were compared it was found possible to obtain agreement to within about 5% with both reconstituted latex and the purified enzyme. The utilization of ATP for the metabolism of 5-phosphomevalonate by reconstituted freeze-dried latex appeared to be negligible compared with that used for its formation, in the radiochemical assay conditions. Enzyme unit8. The unit of enzyme activity was defined as that which catalysed the production of 1,mole of 5-phosphomevalonate/min. at 300 measured by either assay procedure.
RESULTS

Formation of 5-phosphomevalonic acid
The metabolites produced from mevalonate by fresh latex were investigated by incubating 1 ,UMmevalonate with 0 2 ml. of fresh latex at 300 for 2 hr.
Rubber was removed by coagulation with 2vol. of boiling ethanol, and the soluble material was subjected to ascending chromatography on Whatman no. 1 paper in solvent 1. Three principal zones of radioactivity were obtained (R, values 0-58, 0-29 and 0.14) in addition to those due to mevalonic acid and its lactone. As it seemed probable, by comparison with the results of Henning et at. (1959) , that the spot at R. 0.29 contained 5-phosphomevalonic acid, material from this spot was eluted and subjected to chromatography in those other solvents in which the mobility of 5-phosphomevalonic acid had previously been reported, and the chromatographic characteristics of this substance in these solvents agreed well with those reported for 5-phosphomevalonic acid (Table 1) . Similar experiments in which [1-14C]mevalonate was the substrate also produced components having RF values 0-29 and 0-14 in solvent 1. This substance having the same chromatographic characteristics as 5-phosphomevalonate was also produced when freeze-dried latex serum, reconstituted to its original strength with water, was incubated with [2-14C]mevalonate. When this metabolite was separated chromatographically and was mixed with synthetic 5-phosphomevalonate synthesized by the method of Robinson & Wittreich (1961) , the two materials behaved as a single substance in solvents 2, 3, 4 and 5.
This material having similar chromatographic characteristics to 5-phosphomevalonate also had similar properties when subjected to conditions that might cause hydrolysis. When the substance was heated in N-hydrochloric acid for 7 min. or for 30min. there was no detectable change of the Rp of the material after chromatography in solvent 1, although after this acid treatment the spot was somewhat elongated. This effect was also observed by Tchen (1958) . Incubation of the material with a preparation of calf-intestinal alkaline phosphatase for 4hr. at pH 7 8 and at 370 converted the unknown entirely into material having the chromatographic behaviour of mevalonate.
The possible phosphorus content of the substance was investigated by incubating fresh latex (0.2ml.) with Na2H32PO4 (1 tmole) and [2-14C]mevalonate (0.3,umole) at 300 for times from 18min. to 2hr. Fresh latex has been found to contain mitochondria, and although the concentration is low compared with that in the latex vessel itself (P. B. Dickenson, personal communication) some incorporation of Na2H32PO4 into ATP might be expected, giving rise to [32P]ATP, which could be used to phosphorylate mevalonate. To separate the metabolites derived from mevalonate, rubber was removed as described above and the material soluble in 60% (v/v) ethanol was subjected to two-dimensional chromatography with first solvent 1 and then solvent 6. The material containing 14C and 32p, having R. 0 1-0 3 in solvent 1 and 0'7-0 9 in solvent 6, was eluted and rechromatographed in solvent 6 to remove any inorganic phosphate. The material having Rp about 0-8 in this solvent was again eluted and chromatographed once more in solvent 2: 14C and 32p activity was found in material having R. 0 55, the R. reported by Chaykin et al. (1958) for 5-phosphomevalonate in this solvent. When this material was eluted and the 32p and 14C content measured the proportion of 32p was found to increase with the time of incubation, becoming constant after 2hr. It was, however, not possible from these experiments to obtain an analysis of the phosphorus content of the unknown in atoms of P/mevalonate molecule as the concentration of inorganic phosphate and ATP in the original latex was not known.
The phosphorus content of the suspected 5-phosphomevalonate was measured finally by using a partially purified preparation of the synthesizing enzyme. The enzyme obtained by the first (stepwise) elution from DEAE-Sephadex (see below), having a specific activity of 0.32 unit/mg. ofprotein, was used. This mevalonate-kinase preparation (1mg. of protein) was incubated with [2-14C]mevalonate (4,umoles), [32P] ATP labelled in the terminal phosphate group (I,Obmoles), magnesium chloride (8,umoles) and O lM-tris-hydrochloric acid buffer, pH7*5 (0O7ml.), in a total volume of 2-0ml. for lhr. at 300. The incubation was terminated by the addition of 5ml. of ethanol, 2ml. of water was added and the volume of the incubation mixture was reduced to about 0*5ml. under reduced pressure.
The concentrated solution was diluted to 10ml. with water, filtered through a Whatman no. 1 ifiter paper and applied to a Dowex 1 (formate form) column (0.8cm. x 12cm.). The material was eluted with a gradient offormic acid and ammonium formate by the procedure of Hurlbert, Schmitz, Brumm & Potter (1954) , as used by Bloch et al. (1959) for the isolation of the phosphorylated derivatives of mevalonic acid. The fraction having radioactivity that was eluted in the conditions corresponding to those found by Bloch et al. (1959) to elute inorganic phosphate, ADP and 5-phosphomevalonic acid was freeze-dried and extracted with 90% (v/v) ethanol to remove ADP. The ethanolic solution was then applied to Whatman 3MM filter paper and subjected to chromatography in solvent 6, as used by Tchen (1958) to separate inorganic phosphate, which has R, 0.1 in this solvent. The material having Rp 0-8 was eluted and the 14C/32P atomic ratio was found to be 1 :1-18.
To investigate the incorporation ofthe 5-phospho-[2-14C]mevalonate into rubber a preparation of this substance was made by using the same purified sample of mevalonate kinase as was used for the synthesis of the substance labelled with both 14C and 32p. The enzymic synthesis and subsequent purification were carried out under the same conditions and procedure as were used to produce the compound labelled with 32p and 14C except that the ATP used was not labelled with 32p. A comparison was then made of the incorporation of this purified material into rubber with that of mevalonate by the samples of fresh latex from the same tapping. 
Purification of mevalonate kina8e
A search for a suitable initial step giving a high yield and a reasonable increase in the specific activity of the enzyme from reconstituted freeze-dried latex serum showed that neither ammonium sulphate fractionation at neutral pH and at room temperature nor organic solvent fractionation with ethanol or acetone over the pH range 5 5-7 0 at 0°g ave a clear fractionation, both types of system giving many fractions having specific activities not much greater than that of the starting material. As Archer & Cockbain (1955) had observed that a large proportion of the protein of latex serum was precipitated at acid pH values, the enzyme activity of the supernatants remaining after adjusting the serum to pH values from 6-0 to 4 0 with 2N-acetic acid was measured. The supernatant obtained at any pH value in the range had a higher specific activity than that of the original serum: the maximum specific activity was obtained by precipitating 80% of the serum protein at pH4 5, leaving 45% of the original enzyme in a solution having about twice the specific activity of the serum. Although the recovery obtained by this procedure was low it was adopted as the initial step because it produced the highest increase in specific activity of any of the many precipitation procedures tried. The yield of enzyme was independent of the temperature of the precipitation between 0°and 18°.
Purification of the 8upernatant from the pH4-5 precipitation. Preliminary experiments in which the supernatant from the pH4-5 precipitation, dialysed against 0-02m-phosphate buffer, pH6-0, was applied to a DEAE-cellulose column equilibrated in this buffer showed that no enzyme, and very little protein (about 8% of that applied), could be eluted by applying a solution of potassium chloride, the concentration of which increased in a gradient to 1-OM, to the column. Similar results Bioch. 1965, 96 Vol. 96 were obtained when elution of serum proteins from a similar DEAE-cellulose column at pH7.5 was attempted with a similar potassium chloride gradient solution. Although adsorption on calcium phosphate gel has been successfully used as a purification technique for both yeast (Tchen, 1958) and pig-liver (Levy & Popjak, 1960 ) mevalonate kinase, the enzyme present in the pH4.5 supernatant could not be successfully eluted from hydroxyapatite columns. Good recoveries of enzyme activity were, however, obtained when the supernatant from the pH 4.5 precipitation was applied to a Sephadex G-200 column (1.5 cm. x 20cm.) in 0 05m-phosphate buffer, pH 7.5. Elution with this buffer produced the result shown in Fig. 1(a) : 91% of the enzyme activity applied to the column was eluted in an active peak that had a threefold increase in specific activity over the applied solution and a sevenfold increase in specific activity over the original serum. Although it had been found impossible to recover mevalonate-kinase activity after serum had been applied to DEAE-cellulose columns, similar experiments with DEAE-Sephadex showed that about 95% of the enzyme activity could be eluted by potassium chloride solution when serum, dialysed against 0 02M-phosphate buffer, pH6-0, was applied to a column equilibrated with thin buffer.
The active fraction from a Sephadex G-200 column was therefore concentrated to 5ml. by ultrafiltration, and was applied to a DEAESephadex A-50 column (1.5cm. x 15cm.) in 0-02M-phosphate buffer, pH6-0. Stepwise elution with the phosphate buffer containing increasing concentrations of potassium chloride gave the elution pattern shown in Fig. l(b) , in which most of the enzyme was present in the fraction eluted at 0O2M-potassium chloride. This procedure produces a further fourfold increase in specific activity, and Table 2 shows that 91% of the enzyme activity was eluted from the column, the total protein recovery being 93%.
To obtain a further enrichment ofthe enzyme, the fraction eluted from DEAE-Sephadex at 0O2M-potassium chloride was concentrated by ultraffitration, dialysed against 0O02M-phosphate buffer, Fig. l(c) . The peak containing the enzyme activity had an enrichment of about 4-7 times that ofthe applied material, corresponding to an increase in specific activity of about 140 times over the original reconstituted serum (the most active fraction had a specific activity 160 times that of the starting material). The enzyme recovery at this stage was 92% (Table 2) , which was accompanied by a total protein recovery of 91% for this last stage.
Purity of the enzyme preparation
The enzyme preparation obtained from the first DEAE-Sephadex column, having a 30-fold enrichment, was incubated with mevalonate and ATP under standard conditions. Chromatographic examination of the reaction products revealed only the presence of 5-phosphomevalonic acid in addition to the starting material. This suggests that there is no phosphomevalonate-kinase activity in the final product. The spectrophotometric assay carried out on an incubation mixture containing the purified enzyme and all the standard components showed thattheadenosine-triphosphataseactivitypresentin the starting material had been removed. Studies of nucleotide specificity showed that the preparation ofmevalonate kinase from the first DEAE-Sephadex column could not utilize ADP instead of ATP and therefore contained no myokinase. Further, nucleotides that were not substrates (CTP and GTP) did not give any activity in the presence of ADP, nor was the enzyme activity against the substrate UTP Properties of Hevea mevalonate kinase The characteristics of Hevea mevalonate kinase were investigated with a preparation obtained from the first (stepwise) elution from the DEAE-Sephadex column at 0-2m-potassium chloride. The preparation had a 30-fold enrichment over the original serum and catalysed the phosphorylation of 0-32,umole of potassium DL-mevalonate/min./mg. of protein under the standard conditions of the spectrophotometric assay.
Effect of substrate concentration. When the rate of phosphorylation ofpotassium DL-mevalonate by the purified enzyme (0-13mg. of protein) was studied at mevalonate concentrations varying from 0-1 to 5mm under conditions that were standard, except for the ATP concentration (6mm) and the magnesium chloride concentration (4mm), by the spectrophotometric procedure, the rate of reaction was maximal at 2mM-potassium DL-mevalonate. Similar experiments carried out under standard conditions in which the ATP concentration was varied showed that the enzyme was saturated with ATP at 6mM concentration. The Km values for the action of the enzyme on the two substrates were obtained from reciprocal plots (Lineweaver & Burk, 1934) as exemplified by Figs. 2(a) and 2(b) for a number of temperatures between 30 and 40°. The results shown in Table 3 indicate that the enzyme has about ten times the affinity for mevalonate that it has for ATP; also, although the Km values for both substrates are almost constant over the range of temperatures studied, that for mevalonate decreases very slightly with increase in temperature whereas that for ATP increases. phosphorylating mevalonate. When the enzyme reaction was allowed to go to completion in conditions where the amount of product formed was limited only by the amount of mevalonate present the reaction ceased when only 50% of the substrate had been phosphorylated; this suggested that, like the preparation of mevalonate kinase from other sources, the. Hevea enzyme is specific for only one optical enantiomorph of mevalonate.
Nudleotide specificity. The efficiency of ITP, CTP, GTP and UTP as phosphate donors at three different concentrations was compared with that of ATP, at optimum concentration, in the radiochemical assay. The results given in Table 4 show that ITP was as effective as ATP at similar concentrations and that the only other nucleotide that was acted on by the enzyme was UTP. ADP could not replace ATP as a phosphate donor and the preparation therefore contained no myokinase; the nucleotides GTP and CTP, which were inactive alone, were also inactive in the presence of ADP, showing that the preparation was also free of nucleoside diphosphate kinase. The addition of (6mM) and potassium DL-mevalonate (2-5mM) are shown in Fig. 3 that given by Mg2+ at 4mM; Co2+, Fe2+ and Ba2+ all gave a small stimulation of activity.
As would be expected the enzyme reaction was inhibited by EDTA. Radiochemical assays carried out on incubation mixtures containing the standard components, but with 6mM-ATP, 4mM-Mg2+ and EDTA concentrations ranging from 0-01 to 10mM, showed that the residual activity was very close to that which would be expected from the calculated free Mg2+, assuming a dissociation constant 10-9 for Mg-EDTA.
pH-dependence of enzyme activity. The variation in the initial reaction rates catalysed by the partially purified enzyme was studied over the range pH 4 0-pH 9-0 by using the buffers shown in the legend to the resultant pH-activity curve (Fig. 4) : there was a pronounced optimum at pH7-5. The stability of the enzyme at various pH values at 300 was investigated; samples of purified enzyme were subjected to pH values from 4-5 to 9-0 for lhr. and were then brought to pH7-5 with N-sodium hydroxide or Nhydrochloric acid, and the residual enzyme activity was then assayed by the standard spectrophotometric procedure. The results, shown in Fig. 4 , show that the enzyme was stable over the pH range studied.
Temperature-dependence of enzyme activity. Initial velocities obtained from a series of progress curves were plotted for the enzyme reaction assayed by the spectrophotometric procedure in standard incubation mixtures held at temperatures between 28°a nd 800. The concentrations of potassium DLmevalonate and ATP were increased to 3mM and 9 mm respectively to obviate any decrease in the observed rates from the maximum arising from a possible change in Km. tcUh measured velocities Vol. 96 Sensitivity to thiol reagents. U lonate-kinase preparations obtain (Levy & Popjak, 1960) and rabbit Smallman, 1961) , Hevea mevalona activated by cysteine or reduced enzyme was, however, found to be alkylating reagents (Table 6 ): t markedly inhibited by N-ethyln inhibition being produced at 10m but iodoacetamide was much less e only a 15% inhibition at 10n forming reagents were inhibitory ( Cu2+ ions, which produced 96% inl DISCUSSION Perhaps the most striking featu described is the close similarity of those of the mevalonate kinase I liver by Levy & Popjak (1960) . T alonate kinase by difference between the enzymes in Hevea latex and pig liver is that the Hevea enzyme is insensitive to the radiochemical atmospheric oxygen, and does not require cysteine ven in the text. or reduced glutathione for activation; in this respect the enzyme resembles the mevalonate-kinase pre-'onen. Inhibition parations from yeast (Tchen, 1958) and Cucurbita (mm) (%) pepo (Loomis & Battaille, 1963 
